Our data show that people occupied a New Guinea valley at 2000 m above sea level soon after their arrival in Sahul (1) . As the climate cooled, the optimal growing conditions for yams would have occurred at lower altitudes. This may indicate that Pandanus was the most important staple at this time and help explain the late Pleistocene abandonment of the highland sites. Foraging into this high-altitude environment would guarantee a high return in plant fat and protein to complement local animal foods, the starch-rich yams from lower altitudes, and those foods not preserved in the archaeological record.
Pulsating aurora, a spectacular emission that appears as blinking of the upper atmosphere in the polar regions, is known to be excited by modulated, downward-streaming electrons. Despite its distinctive feature, identifying the driver of the electron precipitation has been a long-standing problem. Using coordinated satellite and ground-based all-sky imager observations from the THEMIS mission, we provide direct evidence that a naturally occurring electromagnetic wave, lower-band chorus, can drive pulsating aurora. Because the waves at a given equatorial location in space correlate with a single pulsating auroral patch in the upper atmosphere, our findings can also be used to constrain magnetic field models with much higher accuracy than has previously been possible.
T he aurora is a spectacular natural phenomenon that occurs in Earth's polar regions, exhibiting a range of scale sizes (~1 to 100 km) and characteristic wavelengths (e.g., 427.8, 557.7, and 630.0 nm) (1, 2) . Auroral features are a visual display of the patterns of energetic particles from distant regions in Earth's magnetosphere that move along magnetic field lines, causing photon emissions in the upper atmosphere. This process represents an important loss of energetic particles from the magnetosphere, and the energy from these particles causes drastic changes in ionization of the upper atmosphere. One type of aurora, the pulsating aurora (PA), has attracted much attention because of its distinctive luminosity patches at~100-km altitude, which have a horizontal scale size of~100 km and switch on and off with recurrence periods of~5 to 40 s (3, 4) .
Rocket and low-altitude spacecraft observations have revealed that auroral pulsations result from a time-varying flux of precipitating electrons with energies exceeding~10 keV (3, 5) . However, the driver of this precipitation has not been uniquely identified. Theoretical investigations have shown that resonant interactions with naturally occurring emissions, known as chorus, could lead to the precipitation of energetic electrons in the appropriate energy range for PA (4, 6) , but this suggestion has been difficult to verify experimentally. Chorus consists of discrete bursts of wave power that are confined near the magnetic equator (7, 8) and typically occur in distinct lower-and upper-frequency bands, below and above half of the equatorial electron cyclotron frequency ( f c ). Lower-and upper-band chorus can resonate with more than 10 and less than a few keV electrons (9), respectively. In addition, chorus may evolve nonlinearly for large amplitudes (10) and is frequently associated with electrostatic cyclotron harmonic (ECH) waves, which occur above 1 f c and can resonate with electrons of energies below a few keV (11) .
Attempts have been made to test wave theories using low-altitude rocket observations (12) and high-altitude, equatorial spacecraft (13) (14) (15) . Although a general correspondence between PA and electromagnetic waves has been observed, a oneto-one correlation between individual bursts of chorus and auroral pulses has been elusive. This discrepancy between observation and theoretical prediction has been attributed to the difficulty in finding the exact mapping of a distant spacecraft to a small (~100 km) pulsating auroral patch in the upper atmosphere along magnetic field lines. Such mapping is particularly difficult because adjacent auroral patches typically pulsate independently of each other (16) . Additionally, the simultaneous existence of multiple magnetospheric plasma waves (13, 17) makes it difficult to identify the specific wave mode responsible for electron scattering leading to PA.
Here, we report observations of PA obtained on 15 February 2009 using one of the groundbased All-Sky Imagers (ASIs) (18) of the THEMIS mission (19) . Their broad latitudinal and longitudinal coverage (~1000 km), as well as high resolution (~1 km spatial and 3 s temporal), allowed us to observe the evolution of localized, individual pulsating auroral patches. We also report on plasma wave observations made in space by THEMIS-A (20) (21) (22) . During the period of observation, this spacecraft was located near the magnetic equator in the Southern Hemisphere, and the magnetic field line threading the spacecraft was located close to the center of the imager field of view, which avoids optical distortion.
In the model shown in Fig. 1A , electrons that are initially trapped by Earth's magnetic field encounter chorus propagating away from the equator. The electrons are scattered and precipitate into the upper atmosphere, resulting in (Fig. 1B) shows repetitive discrete bursts every~10 s, which would be composed of multiple chorus elements. Intense lower-band chorus was present during this time period, whereas both upper-band chorus (0.5 to 0.8 f c ) and ECH (>1.0 f c ) waves were not observed, even though the spacecraft was located close to the equator.
Images from the Narsarsuaq (Greenland) ASI (Fig. 1C) at the four selected times (see movie S1 for the entire image sequence) display discrete aurora, which is the bright, structured emission in the northern portion, as well as fainter, unstructured emissions to the south, called diffuse aurora. Auroral patches with a scale size of~100 km pulsating at~64°to 67°magnetic latitude (MLAT) embedded in the diffuse aurora are PA; their repetitive intensity modulation is seen clearly in movie S1. The images in the second and fourth panels in Fig. 1C were obtained simultaneously with intense chorus shown in Fig. 1B (vertical  lines b and d) . A bright auroral patch to the west of the model footprint of the spacecraft is not present in the first and third panels. Adjacent auroral patches do not pulsate in phase with the chorus intensity modulation, implying a correlation between the chorus emission measured at the spacecraft and the pulsating auroral patch. It is thus likely that the auroral patch that best correlates with the chorus intensity modulation pinpoints the source of the precipitation in space and the correct footprint of the spacecraft rather than the model footprint shown in Fig. 1C .
To investigate this hypothesis, we calculated cross-correlation coefficients between the lowerband chorus intensity and auroral luminosity in each imager pixel using the entire period of the wave observations shown in Fig. 1B . The auroral pulsations have an almost one-to-one correspondence with each burst of chorus (Fig. 1D) . The high correlation (0.88, SE = 0.13) supports our inference that intensity-modulated lower-band chorus was driving this PA. Although the time lag between these two wave forms was considered, we found that the simultaneous correlation was much higher. This is consistent with the short travel times (<1 s) of >10 keV precipitating equatorial electrons down the field line causing PA, and the short lifetime (~1 s) of the excited atmospheric atoms (23) . Both of these time scales fall within the time resolution of the imager (3 s).
We also calculated spatial distributions of the cross-correlation coefficient for all imager pixels. The first image of Fig. 2B reveals a well-grouped patch of high correlation. The correlation coefficient outside this patch diminishes rapidly with distance, despite the presence of several other pulsating auroral patches located within the imager field of view. The high-correlation region demarcates the auroral patch marked in panels b and d of Fig. 1C, highlighting The cross-correlation coefficients calculated for the later images (second and third rows in Fig.  2B ) are spatially grouped on a pulsating patch as in the top row, again indicating that only a single pulsating patch is correlated with the chorus intensity. While the patch shape changes with time, the location of highest correlation stays essentially fixed, providing further support for the association of the PA to wave-induced precipitation originating at the spacecraft location.
The dominant role of lower-band chorus in driving the PA is further illustrated in Fig. 3 in different times (24) . During the longer-duration chorus event (Fig. 3A and movie S2) , the time series of the wave intensity and auroral luminosity were again in close agreement (the correlation coefficient is 0.71), indicating that the duration of each occurrence of PA is controlled by the modulation of lower-band chorus (25) .
For the event shown in Fig. 3B measured in another time period, lower-band chorus was negligible but intense ECH waves were present. As shown in movie S1, diffuse aurora without pulsations extended over a wide latitudinal range near the longitude of the spacecraft after 01:15 UT. The cross-correlation analysis found the diffuse aurora region as having the highest correlation (0.73) with the ECH waves. A comparison of the time series (Fig. 3B, bottom panel) captures the simultaneous auroral intensification and the pronounced enhancement of ECH intensity. The aurora, however, did not pulsate but stayed at a high intensity after the initial increase, indicating that ECH waves can indeed (11) to the diffuse aurora but are not responsible for the pulsating patches (26) .
Theoretical calculations (9, 27) using the observed lower-band chorus amplitudes (~50 pT) show that such amplitudes are sufficiently strong to cause precipitation of~10-keV electrons into the atmosphere. Wave burst observations with higher resolution (fig. S1 ) indicate more intense fields (~30 mV/m and~1 nT) that were quasifield-aligned and propagated away from the equator, making the interaction with electrons that precipitate into the atmosphere and drive PA substantially more efficient near the equator (less than~15°) because of Landau damping and increasing resonant energy in latitude. Each chorus element generated near the equator with a characteristic size of~100 to 3000 km (7, 28) and the oblique propagation away from the original magnetic field line (10, 29) would lead to interaction regions with a typical patch size (~100 km in the ionosphere and~a few thousand km in the magnetosphere).
Magnetic field line mapping has been a problematic issue in magnetosphere-ionosphere coupling studies. Based on the property that the high-correlation region occurs over a single auroral patch with the correlation coefficient outside this area diminishing quickly with distance, PA can be used to highlight the physical link between chorus wave activity and each auroral pulsation. The PA thus provides a unique opportunity to identify the footprint of the magnetic field line threading the spacecraft, to a precision within the auroral patch size (less than~100 km) and possibly even down to a few imager pixels (~km). Table S1 Movies S1 and S2
